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ABSTRACT OF THE THESIS 
Radiotelemetry and Behavioral Ecology of Neonate Southern Pacific Rattlesnakes 
by 
Alex Figueroa 
Master of Science, Graduate Program in Earth and Biological Sciences 
Loma Linda University, March 2006 
Dr. William K. Hayes, Chairperson 
By externally glueing radiotransmitters to the dorsoposterior surface of seven 
neonate Southern Pacific Rattlesnakes, Crotalus oreganus helleri, I monitored the 
behavior and ecology of this understudied age-class and species. As an alternative to 
surgical implantation, external transmitter attachment was less invasive, permitted 
frequent transmitter replacement, and did not appear to affect neonate behavior. Five 
neonates tracked through several transmitter replacements (48-125 d) increased 10-38% 
in mass, indicating successful foraging. Neonates predominately occupied grasslands and 
coastal sage scrub habitats. Ambush postures were frequently established near rodent 
features (burrows and runways). Unlike adults, the neonates frequently used arboreal 
positions (10% of 144 relocations) up to 90 cm above the ground, sometimes assuming 
ambush postures. Mean daily movements decreased over successive months duringthe 
period of study (September 2004-February 2005). Neonates undertook short, non-
directional movements presumably associated with foraging. Schoener' s autocorrelation 
ix 
statistics (t2/r) indicated that many successive snake relocations were time-dependent. 
Activity ranges and distance measures were positively associated with autocorrelation, 
suggesting that activity ranges were underestimated when using least-squares cross-
validation (LSCV), the preferred smoothing parameter for fixed kernel estimates. The 
neonates remained surface-active during the winter, with none overwintering 
communally. These findings demonstrate that individual snakes can be tracked 
successfully as neonates and, with further effort, throughout their lifetime. This capacity 





Spatial patterns and movements of snakes reflect variations in the spatiotemporal 
distribution of resources and often lead to nonrandom movements (Gregory et al., 2001 ). 
Movements and habitat use have long been recognized as critical components of a 
snake's behavior (Reinert and Zappalorti, 1988). Even so, we still have a poor 
understanding of snake spatial ecology (e.g., Macartney et al., 1988; Diffendorfer et al., 
2005). What little we have learned has been restricted to studies of adults. A more 
complete understanding of spatial use and resource acquisition will require studies of all 
age-classes (Macartney et al., 1988). Neonates and juveniles are alleviated from 
behaviors associated with reproduction and, therefore, face different selection pressures 
than adults (Gibbons and Semlitsch, 2001). Movement incurs a higher risk of mortality 
and greater energy expenditure than remaining sedentary (Gibbons and Semlitsch, 2001). 
Accordingly, snakes engage in activity when potential benefits of being at another point 
in space and time outweigh the costs of remaining in the same place. 
Currently, very little is known concerning the ecology of neonate snakes (Moratka 
et al., 2000; Ujvari and Kors6s, 2000). To my knowledge, only two published articles 
exist involving radiotelemetry of neonate snakes (Cobb et al., 2005; see also Conner et 
al., 2003). Our understanding of neonate and juvenile snakes is based largely on 
laboratory studies, anecdotal observations, and data collected using mark-and-recapture 
techniques. Radiotelemetry allows for the repeated and consistent relocation of free-
ranging individuals, reduces observational bias associated with sampling, and is 
particularly useful for studying secretive animals (Reinert, 1992), including neonate 
snakes. Over the years, herpetologists have conducted hundreds of field studies on the 
behavior and ecology of snakes through the use of radiotelemetry (e.g., Ujvan and 
Kors6s, 2000; and studies in Campbell and Brodie, 1992; Seigel and Collins, 2001; 
Seigel et al., 2001; Schuett et al., 2002). However, the vast majority of these studies 
involved adult snakes. 
Reinert ( 1992) and Ujvan and Kors6s (2000) reviewed four locations and 
methods of transmitter attachment to snakes: in the stomach, on the skin surface, 
subcutaneous, and in the coelomic cavity. Surgical implantation of transmitters into the 
coelomic cavity is the most widely accepted location and method of transmitter 
attachment, allowing acquisition of data with minimal or negligible effects to snakes. 
Reinert ( 1992) monitored individuals for over nine years with transmitters implanted in 
the snake's coelomic cavity. Unfortunately, the only transmitters small enough to implant 
in neonates of most snake species have only a few weeks of battery life. Neonates 
implanted with transmitters would, therefore, require frequent handling and surgery to 
replace the exhausted batteries. Consequently, I elected to attach transmitters externally 
to the dorsal surface of the snake's skin (Ciofi and Chelazzi, 1991; Gent and Spellerberg, 
1993; Cobb et al., 2005). Attaching transmitters externally offers several advantages for 
smaller organisms and/or short-term studies, including ease of attachment for the 
investigator and avoidance of surgical trauma for the animal. External attachment is 
routinely used for invertebrates (e.g., Lorch et al., 2005), fish (e.g., Cooke, 2003), anurans 
(e.g., Weick et al., 2005), lizards (e.g., Wone and Beauchamp, 2003), turtles (e.g., 
Forsythe et al., 2004), birds (e.g,., Whittier and Leslie, Jr., 2005), bats (e.g., Neubaum et 
al., 2005), and other small mammals (e.g., Briner et al., 2003). However, because snakes 
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lack external appendages to help anchor external transmitter attachment, virtually all 
studies have relied on surgical implantation (Ujvari and Kors6s, 2000). 
The Southern Pacific Rattlesnake, Crotalus oreganus helleri, inhabits coastal and 
mountainous habitats from San Luis Obispo and Kem counties, California, south into the 
San Pedro Martir Mountains in Baja California (Klauber, 1997; Grismer, 2002; Campbell 
and Lamar, 2004). Until recently (E. A. Dugan, unpubl. data; Labonte, in press), detailed 
behavioral and ecological research has been absent for this species. Most information in 
the literature is based on anecdotal observations (Klauber, 1997; Grismer, 2002; 
Campbell and Lamar, 2004) or on inferences from congeners, specifically, C. v. viridis 
and C. o. oreganus (Ernst and Ernst, 2003; Campbell and Lamar, 2004). Neonates are 
born in the late summer or early autumn and are frequently encountered in southern 
California (Klauber, 1997). Compared to neonates of sympatric colubrid taxa, the 
relative stoutness and presumed sedentary behavior deems this species suitable for 
external transmitter attachment. 
I employed radiotelemetry to monitor the movements and behavior of neonate 
Southern Pacific Rattlesnakes for up to six months following parturition. My objectives 
for this study were to examine: 1) the utility of external transmitter attachment, as 
indicated by foraging success and survival; 2) habitat use relative to adults at the same 
study site; 3) whether movements were random or directional; 4) individual variation in 
activity range, as compared by several measures and influenced by autocorrelation; and 5) 
whether neonates overwintered in communal hibemacula. This study may serve as an 




MATERIALS AND METHODS· 
Study Site 
I conducted the study in the eastern portion of Chino Hills State Park (CHSP), 
California (33°54'N, 1l7°42'W), which occupies 12,452 ha of the Puente-Chino Hills in 
Los Angeles, Orange, Riverside, and San Bernardino counties. Topography at the site 
consists of large areas of flat, rolling hillsides with scattered steep, vertical cliffs and 
elevation up to 543 m (Sampson, 1985). Six plant communities are recognized 
(Sampson, 1985): riparian woodland along banks and streams ( 1 % of area, including 
Arundo donax, Baccharis glutinosa, Populus fremontii, Rorippa nasturtium-aquaticum, 
Salix hindsiana, Salix laevigata, Salix lasiolepis, and Typha latifolia); southern oak 
woodland on north-facing slopes and bottoms of tributary ravines (11 %, including 
Bromus diandrus, Heteromeles arbutifolia, Juglans californica, Platanus racemosa, 
Quercus agrifolia, Ribes speciosum, Rosa californica, Salix lasiolepis, Sambucus 
mexicana, Silybum marianum, and Toxicodendron diversilobum); chaparral on the 
shallow, rocky soil of south-facing slopes (5%, but not occurring in my study area and 
including Adenostomafasciculatum, Cercocarpus betuloides, Heteromeles arbutifolia, 
Keckiella cordifolia, Lonicera subspicata Quercus dumosa, Rhamnus ilicifolia, Rhus 
integrifolia, R. laurina, R. ovata, Salvia apiana, Salvia leucophylla, and Salvia mellifera); 
coastal sage scrub on the clay soils of south-facing slopes and dry hillsides and hilltops 
(13%, including Artemisia californica, Eriogonumfasciculatum, Opuntia littoralis, and 
Salvia apiana); native valley grassland ( <1 %, including Elymus condensatus, Elymus 
glaucus, Melica imperfecta, Paspalum distichum, Stipa cernua, Stipa coronata, and Stipa 
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pulchra); and introduced annual pastureland (70%, but also abundant in understory of 
other communities and including Avena barbata, Brassica nigra, Brassica geniculata, 
Bromus diandrus, Bromus mollis, Bromus rubens, Erodium cicutarium, Erodium 
moschatum, Hordeum leporinum, Lolium perenne, Raphanus sativus, and Silybum 
marianum). 
The Park experiences a Mediterranean climate, with cool wet winters, warm dry 
summers, and annual precipitation averaging 350-460 mm (Sampson, 1985). However, 
unseasonably cool temperatures and exceptional rainfall occurred during much of the 
study period (September 2004 to February 2005; see Table 1 ). Local flooding was so 
severe in February that the roads into the study area were closed, terminating the study. 
Transmitter Attachment 
Prior to attaching radiotransmitters, I anesthetized neonates with 0.5 ml of 
sevolfluorane and individually marked snakes with a passive integrative transponder 
(PIT) tag (AVID, Norco, California) for identification. I measured snout-vent length 
(SVL, nearest millimeter) of anesthetized snakes using a cloth measuring tape and 
weighed them to the nearest gram with a 100 g Pesola scale. With each recapture for 
transmitter replacement, I re-weighed individuals to monitor growth. To avoid repeated 
anesthesia, I chose not to re-measure body length. To avoid undo disturbance, I did not 
palpate food boli in the gut or collect fecal material from telemetered snakes. 
I experimented with two methods of attaching radiotransmitters externally to 
monitor neonate snakes. Both involved using Super Glue (Super Glue Corp., Rancho 
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Table 1. Comparison of monthly climatic conditions at Chino, California, during study 
period (2004-2005) and long-term averages. Mean daily low, average, and high 
temperatures are provided with precipitation. 
2004-2005 a Average b 
Month Low°C Avg. °C High °C Rain (mm) Low°C Avg. °C High °C Rain (mm) 
Sep 13 23 33 0 15 23 32 6 
Oct 10 17 25 183 11 20 28 9 
Nov 5 12 19 27 7 15 23 26 
Dec 4 11 18 51 4 13 20 37 
Jan 6 12 17 192 6 13 20 69 




Cucamonga, California) to glue transmitters on the skin surface at the dorsoposterior 
portion of the body at approximately 75% of the snake's SVL. The first method, as 
follows, proved less successful. Seven neonates, from two wild-caught gravid females 
that gave birth in captivity, were fitted with transmitters (SOM-2011, 0.6 g, Wildlife 
Materials, Inc., Canada) glued to a polyeurethane elastic which was then glued to the 
snakes' skin (Fig. I). The antennae (100 mm long) trailed posteriorly behind the snake 
(c.f., Cobb et al., 2005). The transmitters were attached at 4.5-6.5 wks age and 
subsequent to the first ecdysis (ca. 1 wk after birth). Each snake was fed one neonate 
mouse (Mus musculus) while in captivity. Battery life expectancy of transmitters was 23 
d and transmitter mass did not exceed 5% of the snake's body mass. This method proved 
faulty, as six of the snakes lost their transmitters within 15 days. The seventh snake, CH 
56, was found dead the day after release, with the transmitter still attached but with a 
puncture through the head from what appeared to be a rodent bite. I discarded the data 
from four of these snakes because none had moved from their release site (the burrow 
where their gravid mother was captured) before I discovered that their transmitter was 
detached. Snakes CH 58 and CH 71, however, were tracked long enough before losing 
their transmitters. Snake CH 58 lost its transmitter during its second ecdysis, but was 
recaptured and fitted with another transmitter (see below). One wild-caught neonate (CH 
76) was also fitted with a transmitter using this method and did not lose its transmitter. 
The second method involved gluing the same or slightly larger transmitters 
(SOM-2028, 1.5 or SOM-2038, 2.0 g, Wildlife Materials, Inc., Canada) directly to the 
skin (Fig. 1 ). Although the latter transmitters were 1.5-10% of the neonate's body 
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Figure 1. Neonate Southern Pacific Rattlesnakes ( Crotalus oreganus helleri) illustrating 
the differences between the two methods of transmitter attachment. In both methods, 
transmitters were attached on the skin surface at the dorsoposterior portion of the body at 
approximately 75% of the snake's snout-vent length. Upper: transmitters were glued to a 
polyeurethane elastic, which was then glued to the snake's skin. Lower: transmitter glued 
directly to the snake's skin. 
8 
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weight, their longer expected battery life (57-80 d) was deemed advantageous. This 
attachment method was applied to CH 58, CH 76, and four additional neonates captured 
at the study site. Transmitters remained attached > 15 d for all but one snake; CH 83 lost 
its transmitter after 9 d but remained stationary another 20 d, permitting additional fixes. 
When transmitters neared their battery life expectancy, I recaptured the neonates, replaced 
their transmitter unit, and released them at the site of capture. I used non-acetone nail 
polish remover to detach the transmitters. In some instances, several scales sloughed off. 
Radiotracking proceeded from September 28, 2004 through February 16, 2005. I 
relocated snakes no more than once per day using a Telonics TR2 receiver and a two-
element Yagi antenna. Upon each relocation, I visually located each snake if possible and 
recorded the universal transverse mercator (UTM) coordinates with a handheld GPS unit 
(Garmin GPS Plus III). When snakes remained in one location between successive fixes, 
I assigned the UTM coordinates of the previous fix to minimize GPS measurement error. 
I observed no obvious behavioral impairments to the snakes other than stiffness adjacent 
to the transmitter attachment site. I am presently investigating the nature of this stiffness 
through a laboratory experiment. 
Habitat Use and Arboreal Behavior 
For each relocation, I recorded the habitat occupied by the neonate. The snakes 
used only four habitats: grassland, coastal sage scrub, riparian woodland, and southern 
oak woodland. For each snake, I computed the proportion of all observations spent in 
each habitat. I also recorded each instance a snake was underground (within a burrow) or 
occupied an arboreal position in vegetation. 
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Movement Analysis 
I used SPSS 12.0 for Windows (Statistical Package for the Social Sciences, Inc., 
Chicago, Illinois, 2003) to compute Euclidean distance, the straight line distance between 
successive GPS locations. I calculated the following movement variables: 1) movement 
index = ratio of moves (number of fixes wherein the animal changed location) to total 
fixes; 2) mean distance moved per day for each fix = distance moved divided by number 
of days between successive fixes (Macartney et al., 1988; Gregory et al., 2001; 
Diffendorfer et al., 2005); 3) monthly mean distance= mean distance moved per day 
averaged for all fixes for each month; 4) mean distance moved per day averaged for all 
fixes; 5) dispersal distance = distance from first to last location; 6) total distance traveled 
= sum of all distances moved between successive fixes; and 7) index of relative dispersal 
= ratio of dispersal distance to total distance traveled. I applied circular statistics to 
analyze movement directionality, using the Animal Movement extension (Hooge and 
Eichenlaub, 1997) in ArcView 3.3 (ESRI, Redlands, California) to compute mean 
bearing, angular concentration (r), and Rayleigh's z (Zar, 1996). 
Activity Range Analysis 
For each neonate, using all fixes obtained, I estimated activity ranges based on 
100% minimum convex polygon (MCP) using Calhome 1.0 (J. G. Kie et al., Forestry 
Sciences Lab, Fresno, California, 1996) and 100%, 95%, and 50% fixed kernel (FK) 
using the default options in Home Ranger 1.5 (F. Hovey, British Columbia Forest Service 
Research Branch, Revelstoke, British Columbia, Canada, 1999). I calculated FK activity 
range using both the least-squares cross-validation bandwidth (hiscv; the default selection) 
and reference (or optimal) bandwidth (hrer; see comments below). I use the term "activity 
11 
range" in place of "home range," since neonates have yet to establish or perceive a 
defined home range (c.f., Blundell, 2001). Conventionally, studies analyzing space use 
apply 95% contours to estimate home range size, excluding "occasional sallies" to 
identify areas of primary use (Powell, 2000; Blundell et al., 2001). I prefer 100% rather 
than 95% contours for activity range analysis, considering all habitat and movements 
novel and exploratory for neonates naive and unconditioned to their surroundings. 
However, I report both estimates for comparative purposes. I also computed the 50% 
contours, which arbitrarily represent the core area of use and provide insight into those 
areas housing important resources to the animal (e.g., Dixon and Chapman, 1980; Tiebout 
and Carey, 1987; Reinert and Zappalorti, 1988; Rodriguez-Robles, 2003; Goldberg and 
Schwalbe, 2004 ), though I recognize its limitations (Powell, 2000). 
My main focus in estimating activity range was to examine patterns in space use 
between neonates. Simulations are used ideally to determine which estimator (e.g., MCP 
or FK) supplies a more accurate estimate of activity ranges and which bandwidth for FK 
is most suitable (Powell, 2000; Blundell et al., 2001; Kernohan et al., 2001); however, I 
did not perform simulations. Minimum convex polygon uses all known locations to 
outline the maximum area used by an animal (Reinert, 1992; Powell, 2000). However, 
MCP often requires more than 100 locations for accurate estimates and ignores the 
internal structure of home range, thus disregarding patterns of space use (Powell 2000). 
The FK estimator places contours around different intensities of use and, when combined 
with least-squares cross-validation (hiscv' the bandwidth with the least estimated error), 
allows for more accurate estimates with as few as 30 locations (Seaman et al., 1999). 
However, when fixes are autocorrelated, h1scv often undersmooths the contours, resulting 
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in underestimates of activity range by creating numerous small fragmented contours 
around clumped observations (Powell, 2000). When hiscv reaches a bandwidth value of 0 
or less, LSCV has failed (Kernohan et al., 2001) and it is more appropriate to use an 
alternative smoothing parameter, such as href· The reference bandwidth (hrer) is used for 
data that approximate a bivariate normal distribution, but has the tendency to oversmooth, 
resulting in overestimates of activity range and concealing fine-scale detail (Powell, 
2000). 
Autocorrelation values, represented by Schoener' s ratio (t2/r) (Swihart and Slade, 
1985b), were computed for each snake using Home Ranger 1.5. When autocorrelation 
exists (t2/r2 less than 2), the distance moved between consecutive observations decreases, 
resulting in underestimates of home range (Swihart and Slade, l 985a). Because the six 
fixes from CH 83 were all at the same location, this individual was eliminated from 
movement and activity range analyses. 
Statistical Analyses 
I analyzed the data using SPSS 12.0 for Windows (Statistical Package for the 
Social Sciences, Inc., Chicago, Illinois, 2003) with alpha= 0.05. Because the data met 
parametric assumptions, I used a paired t-test to evaluate changes in mass between 
transmitter replacements. For other analyses, I relied on nonparametric tests. I used a 
Friedman ANOV A to compare use of the four different habitats. I also computed 
Spearman rank correlation coefficients among the measures of movement, activity range, 
and autocorrelation. However, I expressed the correlations as coefficients of 
determination (rs2), which are more informative because they indicate effect size (i.e., the 
proportion of variance in one variable explained by another variable). Although the 
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multiple correlations inflated experimentwise error, I chose not to reduce alpha because 
the effect sizes were often sufficiently large (Cohen, 1988) that I considered them to be 
meaningful in spite of the small sample size (N = 6 for each). Rayleigh's test for 
directionality was used to evaluate the hypothesis that neonate movements were non-





The tracking data for individual neonates are summarized in Table 2. At least two 
and up to seven snakes were tracked during each of six months between 28 September 
2004 and 16 February 2005. The number of relocations per individual ranged from 6-38. 
Five of the seven snakes were tracked for a sufficient duration to receive at least one 
replacement transmitter. CH 58 received a total of three transmitters. Radiotracking 
ended due to premature transmitter battery failure (N = 1), transmitters becoming 
detached from snakes (N = 3), or disrupted access to the study site because of unusually 
wet weather (N = 3). 
Foraging Success 
Three types of evidence confirmed that telemetered neonates were successful at 
foraging. First, all five snakes receiving replacement transmitters gained mass (Table 2). 
The differences in mass between first and last measurements were significant (t = 4.13, df 
= 4, P = 0.014). Snake CH 58 realized a 7.5 g (41 %) increase, which seems unlikely 
from a single meal and suggests foraging success on more than one occasion. Second, 
apparent food boli (distended gut region) were observed on one occasion each in CH 58, 
CH 71, CH 77, and CH 79. Third, CH 58 added one rattle segment during monitoring as 
a result of ecdysis, which is normally associated with growth (Klauber, 1997). Although 
ecdysis might have resulted from skin irritation caused by the transmitter, one of the 
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Table 2. Summary of body size (initial snout-vent length, SVL in mm; mass excluding 
transmitter), number of relocations (fixes), and tracking dates (during the period 
September 2004-February 2005) for individual neonate Southern Pacific Rattlesnakes 
(Crotalus oreganus helleri; M =male, F =female) with up to three successive 
transmitters. Mass (and percent change) was recorded on day of transmitter attachment 
or replacement. 
Transmitter# I Transmitter # 2 Transmitter# 3 
Snake SVL Fixes Dates Mass (g) Dates Mass (g) Dates Mass (g) 
CH 58(M) 259 38 28 Sep - 12 Oct a 18.5 13 Oct- 5 Nov 25 (+35%) 11 Nov - 24 Dec 
b 26 (+4%) 
CH71 (M) 300 13 28 Sep - I I Oct a 21 
CH 76 (F) 304 22 I 0 Oct - 3 I Oct 21.5 7 Nov-26 Nov 
b 27 (+26%) 
CH77 (M) 313 18 15 Oct- 5 Nov 18 7 Nov- 10 Dec a 20(+11%) 
CH 78(M) 291 23 15 Oct- 5 Nov 13 11 Nov - 16 Feb c 18 (+38%) 
CH 79(M) 320 24 15 Oct- 5 Nov 20 11 Nov - 16 Feb c 22 (+10%) 
CH83 (F) 353 6 16 Nov - 13 Dec 
a 39 
a Transmitter became detached from snake 
b Transmitter battery failed prematurely 
c Transmitter battery failed after weather disrupted access to study site 
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wild-caught snakes, CH 79, similarly added a rattle segment prior to (and not a 
consequence of) transmitter attachment. 
Habitat Use and Arboreal Behavior 
A Friedman ANOV A revealed that neonates were not evenly distributed among 
the four habitat types (Exact P = 0.031; see Table 3). Neonates principally occupied 
grassland habitats with the exception of CH 58 and CH 83. Snake CH 58 used only 
coastal sage scrub and CH 83 was found 100% of the time beneath a watering trough 
within riparian woodland. As CH 76 dispersed, it moved from grassland into riparian 
woodland and southern oak woodland before continuing into more grassland. Snakes 
were observed in arboreal positions on 15 (10%) of 144 fixes and up to 90 cm high in 
shrubs. By comparison, adult conspecifics at the same study site were found in arboreal 
positions in only three (0.4%) of 717 fixes (E. A. Dugan, unpubl. data). Snake CH 58 
occupied arboreal positions 24% of the time. Interestingly, neonates spent less time 
underground (8%) than they did in arboreal positions (10% ). Some of the arboreal 
positions resembled ambush postures characteristic of foraging pit-vipers (Reinert et al., 
1984). Neonates also assumed foraging positions along rodent trails or animal burrows. 
Movements 
The movement statistics are summarized in Table 4. Each of the six neonates 
analyzed provided 13-38 fixes ( x = 13). The snakes moved between successive fixes on 
31-77% of occasions ( x = 57% ). For the entire duration of tracking, the snakes averaged 
1.8-6.4 m of movement per day ( x = 4.5). However, mean daily movements clearly 
declined as the study progressed into the cooler winter months (Fig. 2). Because the 
mean monthly distances in Fig. 2 included both independent (different snakes) and related 
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data (same snake) from month-to-month (i.e., pseudoreplication), I did not statistically 
evaluate the data. The total distance traveled by neonates ranged from 50-394 m (x = 
184) and reflected the number of movements per individual (r/ > 0.60, P = 0.07). For 
most neonates, dispersal distance between first and last fixes were brief ( 14-60 m). 
However, CH 76 traveled 172 m. The index of relative dispersal, which describes the 
ratio of dispersal distance to total distance traveled, indicated that movements by this 
individual took it far from its original location (0.67 versus 0.08-0.32 for other 
individuals). Movements were random in bearing rather than directional, with all 
Rayleigh's z values non-significant (all P > 0.05). Total distance and dispersal distance 
were positively but not significantly associated with each other, though the effect size was 
large (r/ = 0.60, P = 0.072). Neither, total distance and dispersal distance, was associated 
with index of relative dispersal (r/ < 0.36, P > 0.21). 
Activity Range 
I used three methods for estimating the activity range of each snake, as indicated 
in Table 5. The FK method using href gave the largest estimates, followed by MCP 
(though computed only for 100% area) and then FK using h1scv· The two different 
smoothing parameters had a dramatic impact on FK estimates (Fig. 3), raising the 
question of which would be most suitable. The 100% FK computed by h1scv for snake CH 
71, which occupied just five locations during the 13 fixes, was an obvious computational 
outlier, being far larger than all other estimates for this snake. With the exception of this 
individual, FK estimates based on href were typically 5-30 times larger than FK estimates 
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Table 3. Frequency of fixes occurring underground and in arboreal positions, and 
habitat use of individual neonate Southern Pacific Rattlesnakes, Crotalus oreganus 
helleri. 
Fixes Percent Fixes Percent Habitat 
Snake Fixes Under- Under- Arboreal Arboreal 
Ground Ground Grassland Coastal Riparian Southern 
Sage Woodland Oak 
Scrub Woodland 
CH58 38 0 0% 9 24% 100% 
CH71 13 5 38% 8% 100% 
CH76 22 6 27% 3 14% 59.1% 27.3% 13.6% 
CH77 18 0 0% 6% 100% 
CH 78 23 4% 0 0% 100% 
CH79 24 4% 4% 92.0% 8.0% 
CH83 6 0 0% 0 0% IOO% 
Total 144 12 8% 15 10% 
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Table 4. Movement data for neonate Southern Pacific Rattlesnakes, Crotalus oreganus helleri. Moves = number of fixes wherein 
the animal changed location. Movement index= ratio of moves to total fixes. Duration= total days snake was tracked. m/day = 
mean distance moved per day averaged for all fixes. Dispersal distance= distance from first to last location. Total distance traveled 
= sum of all distances moved between successive fixes. Index of relative dispersal = ratio of dispersal distance to total distance 
traveled. Mean bearing= average compass bearing for movements. r =angular concentration. Rayleigh's z =test for directionality 
(all P > 0.05). For mean values, standard deviation is within parentheses. 
Movement Duration Dispersal Total distance 
Index of 
Snake Fixes Moves index (days) 
m/day 
distance (m) traveled (m) 
relative Mean bearing r Rayleigh's z 
dispersal 
CH 58 38 20 0.53 88 6.0 31 394 0.08 305 0.14 0.41 
CH71 13 4 0.31 14 5.6 14 49 0.28 197 0.12 0.06 
CH 76 22 17 0.77 48 6.4 172 257 0.67 268 0.40 2.65 
CH 77 18 11 0.61 57 4.5 60 186 0.32 179 0.14 0.22 
N 
0 
CH 78 23 15 0.65 125 2.9 31 106 0.29 236 0.31 1.40 
CH79 24 13 0.54 125 1.8 18 114 0.16 162 0.24 0.74 
Mean 23.0 (8.39) 13.3 (5.54) 0.57 (0.15) 76.2 (44.57) 4.5 (l.85) 54.5 (59.89) 184.6 (125.31) 0.30 (0.20) 225 (55.20) 0.23 (0.11) 0.91 (0.97) 
Figure 2. Decrease in mean ( + 1 S.E.) movements per day (m) for each month tracked 
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based on hiscv· Autocorrelation values were all well below 2.0, ranging from 0.11-1.16 ( x 
= 0.58), indicating strong time-dependence between observations and likely 
underestimation of activity range. 
Spearman rank correlations indicated that MCP, 100% FK computed by href, 95% 
FK (both bandwidths), and 50% FK (both bandwidths) were all positively correlated with 
each other and with dispersal distance (all rs2 > 0.68, P < 0.05). In contrast, estimates for 
100% FK computed by h1scv showed no association with other measures of activity range 
size and movements (all r/ ~ 0.02), essentially because of the outlier represented by CH 
71. Autocorrelation (corresponding to smaller t2/r2 ratios) was positively associated with 
all activity range estimates (other than 100% FK and 95% FK computed with h1scJ and 
dispersal distance (all r/ > 0.68; P < 0.05). Autocorrelation was also positively, though 
not significantly, associated with 95% FK, total distance, and dispersal index (r/ = 0.29-
0.59). 
Overwintering Behavior 
None of the neonates overwintered together or with other conspecifics. In fact, 
none remained stationary at a single location. Sporadic movements were exhibited during 
each month of tracking. 
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Table 5. Estimated activity ranges for individual neonate Southern Pacific Rattlesnakes, Crotalus oreganus helleri. MCP = 100% 
minimum convex polygon; FK =fixed kernel (LSCV =least squares cross-validation bandwidth; reference h =optimum bandwidth; 
100%, 95%, and 50% areas used). All estimated activity range values are given in m2• t2/r2 = Schoener's autocorrelation value. For 
mean values, standard deviation is within parentheses. 
FK using LSCV FK using reference h 
Snake Fixes MCPIOO t2/r2 
FKIOO FK95 FK50 LSCV hlscv FKIOO FK95 FK50 href 
Score 
CH 58 38 3028 1721 807 !02 -2.9 2.3 I 1085 5307 907 12.2 0.61 
CH71 13 90 2244 12 2 -3.90 0.9 734 331 52 5.6 l.16 
CH 76 22 3431 1492 701 162 -0.69 0.9 22617 l 1700 2862 5.4 0.11 
CH 77 18 675 535 241 44 -2.92 2.8 12138 5992 1503 16.8 0.41 
N CH78 23 
.,J::.. 
397 280 137 27 -0.93 1.0 1803 909 201 5.5 0.46 
CH 79 24 366 115 50 9 -l.47 0.6 1705 866 200 3.5 0.70 
Mean 23 (8) 1331 (1488) 1064 (872) 325 (343) 58 (62) -2.l (1.3) 1.4 (0.9) 8347 (8607) 4184 (4418) 954 (1086) 8.2 (5.2) 0.58 (0.35) 
Figure 3. Fixed kernel contours (100%, 95%, 75%, 50%, and 25% from outermost to 
innermost) for snake CH58 using two different bandwidths (h) selected by (A) least-
squares cross-validation (LSCV = -2.91) and (B) reference h. The preferred activity 







Effects of Transmitter Attachment 
A major objective of my study was to evaluate the suitability of externally-
attached transmitters for tracking neonate rattlesnakes. Ideally, the transmitters should 
provide reliable tracking over an extended period of time without interfering with normal 
behavior. My results confirmed the utility of this method. I tracked individuals up to 125 
d and through several transmitter replacements necessitated by size constraints on battery 
life. All five neonates that received replacement transmitters gained weight, indicating 
foraging success. Four of these appeared to have food boli in their guts on at least one 
occasion. No abnormal behaviors were seen, and no mortality occurred. There were, 
however, several shortcomings, with transmitters detaching from some of the snakes and 
some body stiffness observed in the vicinity of the transmitter. 
Externally-attached transmitters have been used with snakes in prior studies with 
mixed success. Ciofi and Chelazzi (1991) sutured transmitters to the tails of adult 
European Western Whipsnakes (Coluber viridiflavus) by partially inserting two rubber 
tubes transversely under the dermis of the 22nd and 271h subcaudal. Ciofi and Chelazzi 
(1991) reported no changes to the snakes' behavior. Gent and Spellerberg (1993) used 
glue and medical tape to affix transmitters to the tails of adult Smooth Snakes ( Coronella 
austriaca). They used this method to avoid surgical risks on an endangered species, but 
attachment was reliable for only I 0 d. Also, of the 39 snakes affixed with transmitter, six 
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lost their transmitters and seven became entangled in vegetation due to the transmitter. 
More recently, Cobb et al. (2005) glued transmitters, at approximately 70% of the snakes' 
snout-vent length, to the dorsum of four neonate C. horridus, using the same approach as 
I did. The transmitters remained attached a minimum of 51 d, during which three 
neonates moved 320 m to a communal hibernaculum, presumably following conspecific 
odor trails. I concur with Cobb et al. (2005) that neonate rattlesnakes are ideally suited 
for this method because of their relative stoutness and sedentary habits. 
Several investigators have also tracked neonate rattlesnakes using surgically-
implanted transmitters. Howard Reinert (2005) monitored the movements of 16 neonate 
Timber Rattlesnakes ( C. horridus) from four litters. Fifteen were tracked up to 1. 7 km 
until they entered hibernacula, while the remaining snake was lost due to either 
transmitter failure or predation. David Hardy (pers. comm.) followed six neonate Black-
tailed Rattlesnakes ( C. molossus) in eastern Arizona. Four of the snakes soon died, 
presumably from predation, the battery failed prematurely in the fifth, and the transmitter 
was removed from the remaining snake after three months of tracking. The tracked 
individual grew in length but not in mass. Conner et al. (2003) studied juvenile C. 
horridus that were head-started in captivity for 11 mo prior to release. I am aware of 
another effort to implant transmitters in neonate Timber Rattlesnakes, but the subjects 
soon died as an apparent consequence of surgery. I suggest that, in spite of any 
shortcomings (transmitter detachment and mild locomotory encumbrance), external 
attachment for longer-term tracking is preferable for neonate rattlesnakes to avoid 
repeated surgeries to replace transmitters with expired batteries. 
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Habitat Use and Arboreal Behavior 
The neonates in my study predominately occupied introduced grassland and were 
frequently arboreal. The habitat use was similar to adult male conspecifics studied at the 
same site (E. A. Dugan, unpubl. data), but arboreality was far more prominent in neonates 
(10% of observations) than adult males (0.4% ). As predators, snakes actively select 
habitats inhabited by their prey (Ford and Burghardt, 2001; Reinert, 2001 ). Differences 
in body and gape size require that neonates feed on different prey than adults and occupy 
specific microhabitats to meet such requirements (Macartney et al., 1988; Ford and 
Burghardt, 2001; Reinert, 2001). Thus, one might expect neonates and adults to partition 
the landscape, reducing intraspecific competition for foraging sites and prey. Ambush 
postures by both neonates and adults were frequently observed along rodent trails and 
near rodent burrows. However, unlike adults, the neonates appeared to adopt similar 
positions in arboreal habitat, presumably to ambush lizards and/or rodents. The diet of C. 
o. helleri shifts ontogenetically from primarily lizards to rodents, with corresponding 
changes in venom (Mackessy, 1988). I frequently observed lizards in the vegetation used 
by the neonate snakes, and neonate C. o. helleri are attracted to odors deposited by lizards 
(LaBonte, in press). Trapping studies also confirmed that rodents frequently use arboreal 
habitats in southern California (Laakkonen, 2003). 
Movements and Activity Range 
Neonate movements varied considerably among individuals. However, 
movements appeared to decline as the study progressed into the winter months (Fig. 2), 
undoubtedly due to thermal constraints. Movements also were random rather than 
directional. One might expect directional movements if the neonates were moving from 
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the birthing site to a hibemaculum, or if foraging were conducted in a patchy environment 
(Duvall and Schuett, 1997). None of the neonates occupied hibemacula (see below), but I 
do not know how patchy the food base is at the study site. 
Independent and behaviorally naive from birth, neonates are unfamiliar with their 
surroundings and have yet to establish an activity range. Thus, all movements by 
neonates are novel and exploratory. Being smaller in size, neonates are expected to cover 
shorter distances than adults and occupy smaller activity ranges. Movements and activity 
range of adult male C. o. helleri at the study site (E. A. Dugan, unpubl. data) averaged 
16.8 m/day and 46,900 m2 during the active season (March-October 2003) and 2.7 m/day 
and 830m2 (100% MCP) during the winter (November-February 2003-2004). By 
comparison, the neonates averaged 4.5 m/day and 1,064 m2 during the present study 
(September-February 2004-2005). Thus, neonate movements and space use were at least 
equivalent to those of adult males during the winter months, but the neonate tracking 
included both active and winter months and the comparison is made for different years. 
With the exception of 100% FK estimates, the various measures of activity range 
showed high covariance, as expected. However, the positive correlation between 
autocorrelation (t2/r2) and activity range estimates suggests that the MCP estimates and 
the FK estimates derived from hiscv were underestimates of the true activity range (Swihart 
and Slade, 1997; Blundell et al., 2001 ). The autocorrelation resulted largely from 
multiple observations at or near the same location, leading to small bandwidths, multiple 
disjunct contours, and smaller FK estimates computed by h1scv (Blundell et al., 2001 ). For 
this reason, I computed FK estimates using href as an alternative approach, though it is 
prone to overestimating activity ranges (Powell, 2000). However, the enormous variance 
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(5- to 30-fold) between FK estimates using the two different smoothing parameters raises 
serious doubt about the reliability of any activity range estimates from my data set. I 
· suspect that the preferred estimates were somewhere between those derived from the two 
smoothing parameters (Fig. 3). Ideally, one should rely on models to derive an 
appropriate smoothing parameter (see Powell, 2000; Kernohan et al., 2001). Although 
the MCP estimates were intermediate, Swihart and Slade (1997) showed that MCP is 
more biased by autocorrelation than kernel estimators. Fixes characterized by no 
movement are sometimes excluded from computation of activity range using kernel 
methods, but I included all fixes in my analyses because they feature prominemly in 
snake behavior (e.g., foraging, thermoregulation, digestion, ecdysis) and eliminating these 
data may obscure important patterns of movements and space use (de Solla et al., 1999; 
Powell, 2000; Blundell et al., 2001). Despite its problems for estimating activity ranges, 
autocorrelation reflects biological reality. Unfortunately, autocorrelation is seldom 
reported in snake studies, so its effect on activity range estimates and the utility and 
accuracy of such estimates remain unclear for this group. 
Overwintering Behavior 
Rattlesnakes do not use hibemacula at the study site. None of the neonates 
overwintered at a single location, and none were associated with a conspecific. Adult C. 
o. helleri and C. ruber at the study site also winter independently rather than within 
communal dens (E. A. Dugan, unpubl. data), though several C. o. helleri are sometimes 
encountered beneath a single cattle watering trough and several C. ruber may occupy the 
same burrow. In marked contrast, C. o. helleri at higher elevations in southern California 
use hibemacula for overwintering. Adult C. ruber in Escondido, California, less than 115 
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km from my study site, also occupy communal dens in large rock outcrops (T. K. Brown, 
unpubl. data). 
Neonates remaining above ground, as seen in my subjects, can be expected in 
species experiencing mild winter conditions (May et al., 1996; Grismer, 2002; 
Diffendorfer, 2005). The coldest temperature (ambient or surface) recorded for a surface-
active neonate was 5°C. Neonates constituted the most frequently observed surface-
active age-class during the fall and winter months. The reason why neonates often 
remained on the surface rather than in burrows during the winter months (like adults) 
remains unclear. However, given the evidence that neonates were foraging successfully 
well into the cooler months, I suggest they continue opportunistic foraging when 
conditions permit throughout the winter. 
Future Possibilities and Suggestions 
Telemetry research of neonates represents an open and promising field of study. 
Many gaps in our knowledge of snake behavior and ecology can be studied within a 
theoretical background. The possibility of monitoring a snake from birth into adulthood 
offers hope that we can one day have a more complete understanding of a species' natural 
history and ontogenetic processes. By documenting the role of experience and responses 
to the environment, we can form a clearer picture of when, why, and where snakes move, 
and how the activity range is established, used, and the resources within it exploited. 
With some refinement, external transmitter attachment can serve as a viable alternative to 
surgically implanting transmitters into snakes, at least until snakes reach a size suitable 
for implantation or when smaller, longer-lasting transmitters are built. 
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